sociated with binding of inhibitor, could alter the iodination rate of tyrosine residues elsewhere on the enzyme molecule and these are the ones isolated here. (1963). 3 Pressman, D., and 0. Roholt, these PROCEEDINGS, 47, 1606). 4Roholt, O., G. Radzimski, and D. Pressman, Science, 141, 726 (1963. 5 In the case of the I"25 label it is important to use some 1131 along with the Ili2 as a composite label rather than pure I'2 as the label. In subsequent steps of this procedure, the iodinated peptides derived from a mixture of the iodinated proteins are separated on paper chromatograms and their positions located by radioautography. Peptides containing IJ25 alone may be lost since the radioactivity of I"25 exposes film relatively poorly. The I131 is added to the I"25 so that the positions of the I125-labeled peptides are well marked. The amount of iodinated peptide from the Ii3"-labeled enzyme present in any spot is calculated from the total I131 in the spot less the I131 on the Il25-labeled peptides in the spot. The I125/I131 ratio is based on this corrected I131 value.
label rather than pure I'2 as the label. In subsequent steps of this procedure, the iodinated peptides derived from a mixture of the iodinated proteins are separated on paper chromatograms and their positions located by radioautography. Peptides containing IJ25 alone may be lost since the radioactivity of I"25 exposes film relatively poorly. The I131 is added to the I"25 so that the positions of the I125-labeled peptides are well marked. The amount of iodinated peptide from the Ii3"-labeled enzyme present in any spot is calculated from the total I131 in the spot less the I131 on the Il25-labeled peptides in the spot. The I125/I131 ratio is based on this corrected I131 value.
6The following abbreviations are used: Cpase, carboxypeptidase; H.V.P.E., high-voltage paper electrophoresis; MIT, monoiodotyrosine; DIT, diiodotyrosine; MIH, monoiodohistidine; DIH, diiodohistidine. 7Roholt, O., A. Shaw, and D. Pressman, Nature, 196, 773 (1962) . 8 Bird, R., and H. E. A. Farran, J. Clin. Endocrinol. Metab., 20, 81 (1960) . 
BIOSYNTHESIS OF THE TWO CHAINS OF INSULIN* BY RENE E. HUMBELt THE ROCKEFELLER INSTITUTE
Communicated by George E. Palade, January 29, 1965 The insulin molecule, consisting as it does of two polypeptide chains interconnected by two disulfide bridges,1 presents a special problem in the elucidation of biosynthetic mechanisms. Chymotrypsin, a protein consisting of three polypeptide chains, is known to be derived from a single-chain precursor, chymotrypsinogen. Insulin might be produced in the same way, but no single-chain insulin precursor has as yet been found. Alternatively, the two constituent chains of insulin might be separately synthesized and subsequently connected by two disulfide bridges. It can be assumed that the correct formation of the five intrachain disulfide bridges in chymotrypsinogen occurs spontaneously, like the intrachain disulfide bridge formation in reduced ribonuclease and lysozyme.2, I For insulin, however, the situation seems to be different: it can be reconstituted in vitro from its reduced constituent chains with a yield of only 1-2 per cent.4
The purpose of the present work was to prove or rule out one of these two possibilities: (1) separate synthesis of the two constituent chains, with subsequent formation of the interchain disulfide bridges; (2) synthesis of a single-chain precur-sor having three intrachain disulfide bridges, with subsequent peptide bond hydrolysis to yield the two chains. It was first assumed that biosynthesis of insulin, or of its hypothetical precursor, starts at its N-terminal amino acid residue(s) and proceeds linearly toward the C-terminal end(s), a pattern which has been found for a number of proteins (aamylase,5 E. coli proteins,6 globin chains,7 egg white lysozyme,8 and ribonuclease9).
It was further assumed that a short time incubation of insulin-synthesizing tissue with a specific labeled amino acid will yield a gradient of specific radioactivities along the chains, the lowest specific activity being in the part where synthesis starts, since a number of unfinished chains of varied length are expected to exist at the start of the incubation.
Considering the low specific activities of insulin which probably would be obtained by pulse labeling, the use of mammalian pancreas with its small percentage of insulin-synthesizing tissue was abandoned in favor of the Brockmann body of anglerfish (goosefish, Lophius piscatorius), an organ consisting of practically pure islet tissue.'0 Previous work has established the proper conditions for in vitro studies of metabolic functions and of protein synthesis with isolated islet tissue of toadfish"l-"3 and of anglerfish.14, 15 A simple and reproducible method for isolation of insulin was devised,'6 and the addition of a further purification step led to the isolation of pure insulin in good yield.'7 Since the structure of this particular fish insulin was not known, the determination of its amino acid composition and partial structure was undertaken, as reported elsewhere.'7 As a result, the positions of two of the three residues of proline in this molecule are known. These occur in the B chain, which corresponds to the phenylalanyl chain of beef insulin, at position B2 and at B28. The A chain, which corresponds to the beef glycyl chain, contains a single residue of proline,'8 piobably at position As or Alo, by analogy with bonito insulin IJL19 Thus, proline, occupying positions near the NH2-terminus and COOH-terminus of the B chain, and a position most probably near the center of the A chain, is the amino acid whose incorporation was studied in the present experiments.
Experimental Procedures.-Incubation of islet tissue: Brockmann bodies from freshly caught anglerfish (Lophius piscatorius) were isolated directly on the fishing trawler (New England Biological Assn., Point Judith, R.I.). They were kept and shipped in Krebs-Ringer solution on ice. Time delay due to shipping averaged 6-10 hr, after which experiments were immediately started. Fifteen to twenty-five minced Brockmann bodies (totaling 1 gm wet weight) were incubated in 3-6 ml Krebs-Ringer bicarbonate buffer, pH 7.4, under 95% 02/5% C02 in the presence of 0.5 mM radioactive L-proline (either I-proline-3,4-H3, 5 C/mM, or L-proline-C'4, 200 mC/mM, New England Nuclear Corp. in a Dubnoff metabolic shaker at 17°C. Puromycin (Lederle Laboratories, Pearl River, N.Y.), when added, was dissolved in Krebs-Ringer buffer before addition to the medium. In experiments in which incorporation of proline into insulin and bulk protein was compared, the term "bulk protein" refers to material insoluble in cold 10% TCA and in 75% ethanol/0.18 N HCl. For the experiments designed to yield a gradient of radioactivity along the insulin chains, one batch of islet tissue was incubated with proline-H3 for 15-30 min, and another batch was incubated with proline-C14 for 5-8 hr. Incubation was stopped by adding TCA to 10% final concentration, whereupon the two batches were combined and processed together.
Isolation of insulin: Insulin extraction with acid ethanol from TCA precipitates and its purification on a column of Sephadex G-75 in 5 M acetic acid/0.15 M NaCl were performed as previously described.'6 The final purification was achieved by column chromatography on CMcellulose with a formic acid gradient. '7 Isolatwn of peptides: Isolated insulin was reduced and carboxymethylated17 to yield the two chains which were subsequently treated with trypsin (Worthington) to split the only trypsinsusceptible bond ArgB22-GlyB23. The resulting three peptides (A chain, B, 2n, B23_29), each containing one proline residue, were separated by paper electrophoresis in 0.2 M NH4HCO8, pH 8.1, at 20 v/cm for 3 hr and eluted in ascending fashion with 50% acetic acid. '7 Isolation of proline: Each peptide was separately hydrolyzed in 6 N HCl in evacuated sealed tubes for 22 hr at 110'C. The hydrolysates were applied on the 50-cm column of an amino acid analyzer,20 equipped with the accelerated system of Spackman.2' As an additional monitoring device, the column effluent was run through a 2-ml anthracene-packed flow-cell in a scintillation counter (Nuclear-Chicago), and was then fed back to the analyzer for the automatic ninhydrin reaction. This design allowed unequivocal identification as well as estimation of the purity of the isolated peptide, and, by counting the column effluent, provided a convenient means for immediately checking the exact position of proline in the effluent. The short counting time of 2 min in the flow counter was, however, too low to be of value in the calculation of H3/Cl4 ratios. The flow counter effluent containing the isolated proline (6 ml) was thus collected, desalted on a column (0.9 X 5 cm) of Dowex 1 X 8 (200-4 mesh, OH-form) by eluting with 1 M acetic acid,22 and counted in a hyamine-toluene system in a two-channel liquid scintillation counter (Packard Tricarb). The settings of the counter were so chosen as to yield highest possible channel ratios for both C14 and H3. Efficiency for tritium counting in the first channel was 36%, for C14 in the second channel 57%. Calculations of C14 and H3 counts followed the procedure of Okita et al.23 using C14-and H3-toluene as internal standards.
Results. HCl-insoluble material. The purification of "Bulk protein" is the TCA-and 75% ethanol/ insulin was carried only to the Sephadex G-75 0.18 N HCl-insoluble material. The purificastep, which leaves insulin contaminated with tion of insulin included the final step of chrotwo peptides of small molecular weight and of matography on CM-cellulose, which yields low proline content.'7 insulin devoid of any detectable impurities. "7 for 1 hr at 170C, essentially the same pattern was obtained. This lag period of 30-60 min is probably due to the time needed for the amino acid in the buffer to mix with the extracellular and intracellular amino acid pool of the minces.24 After incubation for 1 hr or longer, proline incorporation into insulin is consistently higher than into bulk protein.
The effect of puromycin on amino acid incorporation is shown in Figure 2 . Addition of 50 ,ug/ml (10-4 M) puromycin inhibited amino acid incorporation into bulk protein by 84 per cent and into insulin by 81 per cent.
In a first attempt to produce a gradient of radioactivity along the insulin chains, two batches of islet tissue minces were incubated for 30 min with proline-H3 and for 5 hr with proline-C14, as internal standard. When the three proline-containing peptides, rather than the isolated prolines, were counted, the amount of H3-activity appeared to parallel the size of the counted peptide. Analysis of the proline-H3 used in this experiment showed radiochemical impurities in the amount of 14 per cent, mostly in the form of aspartic acid. In the following experiments, therefore, the peptide-derived proline residues were isolated and counted, as outlined in the Experimental Procedures section.
The results of two experiments comparing the specific activities of the three isolated proline residues in insulin are shown in Table 1 . In both experiments, the specific C14-activities of the three prolines are not significantly different, whereas the specific H3-activities are markedly different. Hence, incubation for 8 hr led to uniform labeling of all three proline residues in insulin, whereas incubation for 30 or 15 min led to uneven labeling. The difference in the labeling pattern due to differences in time of incubation is even more evident from the H3/C14 ratios which are independent of the actual amounts of proline counted. In both experiments, the H3/C14 ratios of the three proline residues are increasing in the order B2 < A < B28 (1: 1.56:2.70 in experiment I, and 1: 1.85:2.94 in experiment II).
Discussion.-The short length of the two insulin chains raises the possibility that these polypeptides might be assembled by mechanisms similar to the ones which serve for the synthesis of short bacterial polypeptides like tyrocidine.25 Our experimental results show, however, that insulin is synthesized like protein, and unlike tyrocidine, for the following two reasons: (1) Puromycin, an inhibitor of protein synthesis, strongly inhibits amino acid incorporation into insulin as well as into bulk protein, while the synthesis of tyrocidine is not affected by inhibitors of pro- 17 'C correspond to -7.5 and 3 min, respectively, at 370C) yielded nonuniformly labeled insulin. Since the H3/C14 ratio of proline B2, which is near the N-terminal end, is lower by a factor of 2.7 and 2.94, respectively, than the H3/C14 ratio of proline B28 near the C-terminal end of the B-chain, it is concluded that biosynthesis of insulin B chain starts at its N-terminal end. This conclusion is independent of the final answer to the question whether insulin is synthesized as two separate chains or as a single-chain precursor, but the results are in keeping with recent results in the biosynthesis of other proteins,5-9 and represent, therefore, further evidence that insulin is synthesized by mechanisms similar or identical to the ones operative in protein synthesis.
Kritzman et al. 26 have described uneven labeling of insulin by mere incubation of labeled phenylalanine with beef insulin. This type of incorporation, whatever its mechanism, could contribute to uneven labeling obtained with living tissue, but, in this case, the labeling should remain uneven even after long times of incubation. This was not the case in the present experiments. Hence, the type of amino acid replacement described by Kritzman et al. can be ruled out as a contributing factor to the results here recorded.
The fact that incubation with proline-C14 for 8 hr yielded uniformly labeled insulin is consistent with the assumption that islet tissue in vitro is able to synthesize new insulin chains, and not to complete only chains initiated in vivo. The fact that the time course of incorporation of radioactive proline into insulin remains linear over 8 hr further supports this assumption. Uniform labeling after prolonged incubation with labeled amino acids was also obtained in globin chains,27 egg white lysozyme,8 and ribonuclease.9 An earlier report by Vaughan and Anfinsen,28 however, describes uneven labeling of insulin and ribonuclease after incubation for 4 hr. No explanation has been offered for this discrepancy. 9 As to the question put forward in the introduction, whether insulin is synthesized as two separate chains or as a single-chain precursor, three alternatives expressed in three different labeling patterns can be envisaged: (a) synthesis of a single-chain precursor starting at the N-terminal end of the A chain-in this case proline A is expected to have the lowest specific activity of all three prolines (Fig. 3a) ; (b) synthesis of a single-chain precursor starting at the N-terminal end of the B chainin this case proline A is expected to have the highest specific activity (Fig. 3b) ; (c) separate synthesis of the two insulin chains-in this case proline A is expected to have a specific activity intermediate between the activities of prolines B2 and B28.
Patterns Since free chains have never been found in pancreas, chain-to-chain linkage in vivo must be rather efficient, suggesting the presence, in islet tissue, of an enzyme accelerating the rate of oxidation or of disulfide interchange in insulin. A similar enzyme for ribonuclease and lysozyme has been found in rat liver microsomes' and in pigeon and chicken pancreas.32
The finding of separate synthesis of the two insulin chains suggests that there may be cases of relative overproduction, with consecutive accumulation, of either chain, analogous to the accumulation of L-chains in Bence-Jones proteins.33
Summary.-Islet tissue minces from the fish Lophius piscatorius have been incubated with proline-C'4 for 8 hr and with proline-H3 for 15 or 30 min at 17°C.
After incubation, the minces were combined, insulin was extracted, purified, and separated into three peptides, each containing one proline residue. The three proline residues were isolated and their H3/C14 ratios determined. From these radioactivity values and from knowledge of the positions of proline in the chains, evidence was obtained for the conclusion that the two constituent chains of insulin are synthesized separately.
